How does ventrolateral prefrontal cortex (VLPFC) control mnemonic processing? Alternative models propose that VLPFC guides top-down (controlled) retrieval of knowledge from long-term stores or selects goal-relevant products of retrieval from among competitors. A paucity of evidence supports a retrieval/ selection distinction, raising the possibility that these models reduce to a common mechanism. Here, four manipulations varied semantic control demands during fMRI: judgment specificity, cue-target-associative strength, competitor dominance, and number of competitors. Factor analysis revealed evidence for a metafactor that accounted for common behavioral variance across manipulations and for functional variance in left mid-VLPFC. These data support a generalized control process that selects relevant knowledge from among competitors. By contrast, left anterior VLPFC and middle temporal cortex were sensitive to cue-targetassociative strength, but not competition, consistent with a control process that retrieves knowledge stored in lateral temporal cortex. Distinct PFC mechanisms mediate top-down retrieval and postretrieval selection.
Introduction
Over a lifetime, humans accumulate knowledge about the world, including general facts, concepts, and word meanings. Making gainful use of this knowledge to comprehend stimuli and inform action in a variable environment requires a system for retrieving and selecting stored information as goals dictate (Miller and Cohen, 2001; Shimamura, 1995 Here, we report behavioral and fMRI evidence supporting the existence of a generalized selection mechanism that accounts for behavioral variance under a variety of semantic processing contexts and that accounts for functional variance in left mid-VLPFC activation. We further report that this generalized selection mechanism is functionally and neuroanatomically distinct from a controlled retrieval process that depends on left anterior VLPFC and appears to activate stored semantic knowledge in left temporal cortex. As such, these data provide evidence for a mechanistic distinction between selection and retrieval with selection operating on active representations that emerge through bottom-up and top-down retrieval.
According to the selection hypothesis, left VLPFC control mechanisms are critical when a subset of knowledge that is task-relevant must be selected over a competing subset of irrelevant knowledge ( , 1997, 1999) . Hence, selection demands can be manipulated by requiring subjects to direct attention to a subset of cue-related knowledge. For example, when the similarity between stimuli must be judged along a specific semantic dimension (e.g., color or form), other semantic features of the stimuli are task-irrelevant and must be selected against in favor of the relevant feature. Left VLPFC activation is greater during performance of such feature-based judgments relative to global similarity judgments, for which selection demands are argued to be minimal because all features are relevant (Thompson-Schill et al., 1997). Selection demands also can be manipulated by varying the degree to which access to irrelevant and competitive information is facilitated. Thus, left VLPFC activation increases during picture naming when competing knowledge is primed--and thus competition is enhanced--and this is the case even when task demands putatively require minimal controlled retrieval ( Given these competing models of VLPFC function, a critical challenge for theorists of cognitive control is to specify the relation between selection and controlled retrieval. One possibility is that a common process biases retrieval under any circumstance in which relevant knowledge does not come to mind automatically, either because of poor cue support (e.g., weak cue-target associative strength) or to competition from automatically 47). However, at present, direct evidence for a functional anatomic dissociation between selection and retrieval is lacking. Moreover, a clear mechanistic distinction between these two processes has not been articulated nor empirically supported. These limits partly stem from the fact that, to date, no study has directly manipulated both selection and controlled retrieval demands and because of the exclusive reliance upon theoretical task analyses to support past inferences about the processes correlated with VLPFC activation.
The present functional MRI (fMRI) study directly examined the functional and neuroanatomic relation between selection and controlled retrieval, combining four manipulations of control demands across two experiments (Figure 1) . In both experiments, judgment specificity ( Figure 1A ) varied whether subjects selected a target based on its global relatedness to a cue (related; low selection) or its similarity to a cue along a specific dimension (feature; high selection). Within the related task, associative strength ( Figure 1B ) varied whether the correct target was a strong (low controlled retrieval; potentially low selection) or weak (high controlled re- trieval; potentially high selection) associate of the cue. During experiment two, number of targets varied whether the correct target was selected from amongst two or four alternatives, providing an additional manipulation of retrieval (be it automatic or controlled) and selection demands ( Figure 1C) . Finally, during the feature task, one of the targets was a normative associate of the cue (e.g., TAR / COAL), and congruency varied whether this associate was the target most similar to the cue along the relevant dimension (congruent) or was the competing distractor (incongruent) ( Figure 1D ). Selection demands were greater during incongruent trials as information retrieved automatically because of the associative linkage between the cue and distractor was irrelevant, yielding greater competition.
As suggested by the preceding task analyses, a common processing component--such as selection--may be engaged across the experimental manipulations. To the extent that this is the case, one might expect such a factor to account for a common portion of behavioral variance across the experimental manipulations. Accordingly, to quantify and assess the possible contribution of such a common control process across these semantic processing contexts, an exploratory factor analysis of behavior was performed to extract a metavariable that accounted for common behavioral variance across the manipulations. This metavariable, which emerged from the data rather than from theoretical task analyses, then served as a covariate during fMRI analysis to examine whether it accounted for functional variance within VLPFC.
Results

Simple Behavioral Effects
Behavioral effects were considered reliable at an α of .05 (see Supplemental Data available with this article online for details). Analyses of reaction time (RT) and errors confirmed the efficacy of the four control manipulations. Judgment specificity reliably impacted RT: feature judgments took longer than relatedness judgments (Figure 2A) , indicating that RT slowed as putative selection demands increased. Weak cue-target associative strength resulted in longer RT and higher errors compared to strong associative strength, consistent with an increase in control demands ( Figure 2B ). Number of targets revealed that selecting from among four targets slowed RT and increased errors relative to selecting from two targets ( Figure 2B ). Importantly, there was no behavioral difference between weak-two versus strong-four trials, motivating an analysis to rule out time-on-task accounts of the fMRI data. Finally, the congruency manipulation impacted selection demands, evidenced by longer RT and higher errors on incongruent relative to congruent trials ( Figure 2C ).
Factor Analysis of Behavior
Factors extracted from a factor analysis can serve as metavariables that account for more total variance across behavioral measures than any of the measures contribute in isolation. In the current context, a component that accounts for variance across the experimental manipulations might reflect the influence of a common control process. Accordingly, factors were extracted from the standardized differences in errors and RT due to associative strength (weak−strong), judgment specificity (feature-related), and congruency (incongruent-congruent) for subjects in experiment one and experiment two (total n = 33). Number of targets was not included in this analysis as it only varied in experiment two.
Factor analysis revealed two factors that accounted for over half (54%) the variance in the six behavioral measures ( Figure 3A) . Loadings of the six individual measures on the first factor revealed a common component accounting for variance due to congruency, judgment specificity, and associative strength ( Figures  3B and 3C and Table 1 ). Based on this metavariable's pattern of loadings--particularly noting the strong association with congruency--we suggestively refer to it as the "selection component." Congruency loaded heavily and almost exclusively on the selection component ( Figures 3B and 3C ) with this factor accounting for 51% and 71% of the variance in the congruency RT and error effects, respectively. Critically, manipulations of associative strength and judgment specificity also produced behavioral effects that loaded on the selection component ( Figures 3B and 3C and Table 1 ). By contrast, the second factor ("nonselection component") accounted for variance in RT and error effects of associative strength and judgment specificity but accounted for practically no variance due to congruency (Figures 3B and 3C and Table 1 ). Hence, only the selection component indexed behavioral variance common to all three control manipulations, whereas the nonselection component, though accounting for variance common to associative strength and judgment specificity, was not associated with congruency and, thus, does not likely reflect a source of variance due to selection demands.
Correlates of Semantic Processing
Relative to fixation, semantic processing (collapsed across condition and restricted to accurate responses) elicited activation throughout left VLPFC, as well as in (Table S1 ).
Neural Effects of Judgment Specificity, Associative Strength, and Number of Targets
The selection component also accounted for a portion of the behavioral variance due to judgment specificity and associative strength, suggesting a common source of variance between these control manipulations and the congruency manipulation. This factor analysis outcome predicts a convergence in the patterns of left VLPFC activation engaged by these control manipulations. Consistent with this perspective, contrasts of associative strength (weak > strong) and judgment specificity (feature > related) revealed activation in left mid-VLPFC (p < 0.05, corrected) inclusive of the voxels showing a congruency effect ( Figure 4C ; Table S1 ). Direct overlap of the judgment specificity and associative strength contrast maps revealed extensive convergence in their engagement of left mid-VLPFC (wBA 45) extending into posterior VLPFC ( Figure 4D , purple re- 
Anterior VLPFC and Controlled Semantic Retrieval
In contrast to left mid-VLPFC, which was engaged across all control manipulations and was associated with the selection component, an anterior and ventral focus in left VLPFC was specifically sensitive to associative strength (Figures 4C and 4D) . Moreover, the contrast of weak-two > strong-four trials, which is behaviorally matched for time on task, revealed differential activation restricted precisely to this anterior and ventral locus of left VLPFC (−45 27 −15) with this pattern converging with that seen in a prior study of controlled semantic retrieval ( Figure 4E) Second, whereas left middle temporal cortex was sensitive to semantic retrieval, it was insensitive to judgment specificity and congruency (Fs < 1), providing evidence that the selection processes subserved by left mid-VLPFC operate postretrieval. Importantly, the pattern of left middle temporal activation, which may mark semantic retrieval, dissociated from that in left mid-VLPFC, which putatively marks selection, as evidenced by a manipulation (associative strength, number of targets, judgment specificity, congruency) × region interaction (F[3,30] = 9.4, p < 0.0005) and by a selection demands (judgment specificity, congruency) × region interaction (F[1,10] = 7.8, p < 0.05).
Discussion
The present data indicate that controlled retrieval and selection processes make distinct contributions to the regulation of memory and are mediated by anatomically separable subregions of left VLPFC. As such, these data offer resolution to the debate over left VLPFC function and advance mechanistic understanding of the relation between top-down retrieval and selection. Two central findings warrant attention. First, our data provide evidence for a general selection process that operates across multiple semantic control conditions and is mediated by left mid-VLPFC. Process commonality was initially established through detection of functional overlap in left mid-VLPFC (wBA 45) across the four control manipulations, consistent with theoretical task analyses suggesting that each manipulation varied selection demands. Process commonality was further established through identification of a metavariable that accounted for behavioral variance common to three of the control manipulations. Strikingly, the variance in this metavariable correlated with variance in left mid-VLPFC activation.
Second, left anterior VLPFC (wBA 47) was exclusively engaged in response to increased demands on the top-down retrieval of semantic knowledge, rather than postretrieval selection. That is, left anterior VLPFC was selectively sensitive to cue-target associative strength, with this functional pattern dissociating from that in left mid-VLPFC, thus suggesting a role in activating long-term knowledge rather than resolving competition. This interpretation garners further support when considering the pattern of activation in left middle temporal cortex, a region that stores semantic knowledge and, thus, was expected to be sensitive to amount of semantic retrieval, be it knowledge accessed via controlled retrieval (indexed by associative strength) and via more automatic retrieval routes (indexed by number of targets). Importantly, left middle temporal activation varied with associative strength and number of targets but showed little sensitivity to selection demands (congruency and task specificity).
Collectively, these findings motivate a two-process model of fronto-temporal control of semantic memory.
Retrieval of semantic knowledge stored in lateral temporal cortex may emerge through bottom-up (automatic) and/or top-down (controlled) mechanisms, with the latter mediated by left anterior VLPFC. As knowledge is retrieved, selection of task-relevant representations from among retrieved competitors is required, with selection being mediated by left mid-VLPFC. Although the present data support this two-process model, it is important to note that the control of semantic memory is likely dynamic, such that selection operations may begin to be engaged even prior to completion of the retrieval stage (i.e., processing is likely to be parallel, rather than strongly serial). In contrast to left middle temporal cortex, however, upregulation of left mid-VLPFC activation did not simply track the amount of information retrieved. Rather, increased activation also accompanied manipulations that directly varied the degree of competition between retrieved alternatives while putatively holding semantic retrieval constant (judgment specificity and congruency). This pattern was further supported by the striking observation that across-manipulation behavioral variance in the "selection component" accounted for functional variance in left mid-VLPFC. Hence, going beyond a qualitative overlap in sites of activation across manipulations thought to vary selection demands, the factor analysis identified a metavariable corresponding to shared variance across the manipulations. That this quantitative index of a shared processing component accounted for functional variance in left mid-VLPFC, when considered in combination with the broader pattern of imaging data, provides particularly compelling evidence in favor of a selection interpretation of left mid-VLPFC function.
Postretrieval Selection
Critically, the dissociation between left mid-VLPFC and lateral temporal cortex suggests that the representations on which this general selection process operates are not necessarily long-term semantic representations of the sort thought to be stored in lateral temporal regions. In particular, it appears reasonable to designate this selection process as occurring postretrieval, operating on active representations that perhaps are being maintained in working memory. As noted above, this proposal does not require that retrieval itself is all or none. Indeed, active representations entering working memory may be partial, transient, and even weak. However, it does require a distinction between active representations (putatively maintained in working memory) and long-term memory representations. There is evidence for such a distinction in the nonhuman primate (Miller et al., 1996) Although the present manipulations of selection demands were within the context of semantic processing, it is not necessarily the case that the operation of this mechanism must be restricted to task contexts of semantic control or even memory in general. Indeed, the common factor influencing whether tasks elicit activation in left mid-VLPFC appears to be whether they involve selection or interference resolution en route to generating a response. 
Controlled Semantic Retrieval
Though a generalized selection process may play a role in resolving interference, the present data provide evidence of a dissociation across left VLPFC subregions for which a single-process model does not provide an account. The anterior, ventral extent of left VLPFC dissociated from mid-VLPFC because left anterior VLPFC was exclusively sensitive to associative strength (Figure 4D) . Importantly, this was the case even when pitting controlled retrieval demands (associative strength) against overall retrieval (number of targets) because left anterior VLPFC was the only region to show a weaktwo > strong-four effect. This pattern suggests that left anterior VLPFC is uniquely sensitive to the need to control retrieval when available cues are insufficient to activate relevant knowledge through bottom-up processes.
In operation, a controlled retrieval mechanism may accumulate and maintain cues or retrieval goals to mediate retrieval of additional relevant information stored in left temporal cortices (e. In our account for the observed dissociation between anterior VLPFC and mid-VLPFC, the critical distinction between controlled retrieval and selection putatively derives from the nature of the representations on which each process operates. The controlled retrieval process subserved by left anterior VLPFC may directly influence long-term semantic representations stored in lateral temporal regions. By contrast, the generalized selection process supported by left mid-VLPFC may be critical in resolving interference among active representations maintained in working memory. One implication of the close association of controlled retrieval with the activation of stored representations is that this process should be tied more directly to tasks that demand access to long-term memory, whereas the selection process may be required to resolve interference among representations in working memory that came to be activated through means other than semantic retrieval.
The ability to flexibly and strategically access knowledge is a central feature of an adaptive control system (Anderson et al., 2004; Sohn et al., 2003) . The present results argue that distinct control mechanisms in left VLPFC contribute to this process by guiding access to semantic knowledge not retrieved automatically and selecting from among retrieved representations. The network proposed here may be central to a number of task contexts in which representations must be retrieved or selected en route to generating a response. Future research promises to further specify the nature of these control mechanisms so as to better understand when they are necessary for successful adaptive behavior.
Experimental Procedures
Participants Twenty-two right-handed, native English speakers (13 female; ages 18-25 years) were enrolled in experiment one, and an independent sample of 11 right-handed, native English speakers (four female; ages 18-30 years) were enrolled in experiment two. Data from two additional subjects recruited for experiment one were excluded because of significant artifacts. All participants received $50 remuneration for participation. Informed consent was obtained in a manner approved by the Human Subjects Committee of the Massachusetts General Hospital and the Committee on the Use of Humans as Experimental Subjects at MIT.
Design and Logic
Event-related trials were separated in time by jittered (0-8 s) null fixation periods and were grouped into task blocks. Blocks began with a baseline fixation period (12 s and 16 s for experiments one and two, respectively) followed by a 4-s instruction cue indicating the task (feature or related) to be performed for that block. On each trial, a cue word and a set of target words were presented for 3 s (Figure 1) . Subjects chose one of the targets based on its semantic relationship with the cue and indicated their response on a keypad positioned under their left hand. Subjects were given 4 s to respond (inclusive of the 3-s cue-target set presentation). When the instruction cue was "RELATED," subjects were to select the target that was most globally related to the cue. Alternatively, if the instruction specified a semantic feature (e.g., "COLOR," "SHAPE," "SIZE," or "TEXTURE"), subjects were to select the target most similar to the cue along this dimension. This design permitted manipulation of judgment specificity (feature vs. related), cue-target associative strength (strong versus weak), number of targets (two versus four), and congruency (congruent versus incongruent) during semantic processing (Figure 1) . The order of experimental and fixation events within a block was determined by optimizing the efficiency of the design matrix so as to permit event-related analyses (Dale, 1999); efficiency was equated across related and feature blocks.
Experiment one was designed to factorially combine control demands, crossing the associative strength, judgment specificity, and congruency manipulations within subject. Across four fMRI scan runs, subjects encountered 240 trials divided equally among the four associative strength × judgment specificity condition crossings. Furthermore, of the 120 feature trials, half were congruent and half were incongruent (Figure 1) . Each scan contained four experimental blocks, two related and two feature, counterbalanced in an ABBA/BAAB fashion.
Experiment two was designed to maximize sensitivity and power of the control manipulations while still permitting within-subject analysis. This goal was achieved by isolating control manipulations into separate processing epochs within a single scan session. During an initial epoch, subjects performed the related task alone, with associative strength and the number of targets being manipulated ( Figures 1A and 1B) . In a second epoch, subjects alternated between feature and relatedness judgments, as in experiment one. However, unlike in experiment one, only judgment specificity and congruency manipulations were included. Otherwise, trial events in this epoch unfolded as with experiment one. Each of the epochs consisted of two fMRI scan runs. During epoch one, subjects encountered 288 related trials ( Figure 1A ). In the second epoch, subjects performed 80 related and 80 feature trials grouped into 8 related and 8 feature blocks counterbalanced in an ABBA/BAAB fashion. These blocks were divided equally and counterbalanced across the two scan runs. Furthermore, subjects encountered 40 congruent and 40 incongruent trials mixed across the feature blocks.
Stimuli
Stimuli for all experiments were chosen from single-response freeassociation norms (Moss and Older, 1996; Postman and Keppel, 1970) and were equated for word length and for normative frequency of use (Kucera and Francis, 1967) across experimental conditions. For each of 240 cues in experiment one, one strongly associated, one weakly associated, and one unassociated target were chosen. The mean normative probability that the item was generated as the associate of the cue differed across strong (0.11) and weak (0.02) targets, yielding a pre-experimental associative strength ratio of approximately 5:1 for strong:weak trials. This ratio was markedly lower than the 22:1 ratio adopted in epoch one of experiment two (see below) because of the additional counterbalancing constraints of the experiment one factorial design. Unassociated targets were determined based on their absence from a cue's normative list of associates.
Stimuli for epoch one of experiment two were taken directly from a prior study, and thus details of stimulus selection and counterbalancing have been described previously (Wagner et al., 2001) . The mean normative probability that an item was generated as the associate of the cue differed substantially between strong (0.22) and weak (0.01) targets. For each of the 160 cues in epoch two of experiment two, one associated and one unassociated target were selected. The mean normative probability of item generation for the associated target (0.19) was comparable to strong trials of epoch one. Again, unassociated targets were determined based on their absence from a cue's normative list of associates.
fMRI Procedures
Whole-brain imaging for both experiments was performed on a 3T Siemens MRI system (experiment one, 3T Allegra MRI system; ex- 
Exploratory Factor Analysis
An exploratory factor analysis of the behavior was performed by standard procedures (Harris, 1967) . To provide a sufficient number of observations, subjects from both experiments were included in the factor analysis. Absolute differences in RT and errors for associative strength, judgment specificity, and congruency were computed and standardized within experimental group for inclusion in the factor analysis. It should be noted that the inclusion of relative, rather than absolute, difference scores does not qualitatively change any of the obtained results. The six eigenvalues describing the variance-covariance matrix of these six scores were then extracted. Factors with eigenvalues greater than 1 were selected for additional analysis. Selected factors underwent oblique rotation with the Varimax algorithm. Regression estimate factor scores for inclusion in fMRI analysis were derived for each subject based on the oblique factor solution (Harris, 1967) Statistical models were constructed with SPM99 under the assumptions of the general linear model. Experiment one and the second epoch of experiment two used a mixed fMRI design, such that judgment specificity was manipulated across blocks and associative strength and congruency were manipulated in an eventrelated manner within blocks (Donaldson et al., 2001 ). Because event and block regressors were correlated in these instances, all conditions were solely modeled as events by constructing regressors for each cell of the design (i.e., any effect of task "state" was not separately assessed). Similarly, the first epoch of experiment two was modeled in a standard event-related manner. Correct and incorrect trials were modeled separately; all statistical contrasts were restricted to correct trials.
Effects were estimated with a subject-specific fixed-effects model with session-specific effects and low-frequency signal components treated as confounds. Linear contrasts were used to obtain subject-specific estimates for each effect. These estimates were entered into a second-level analysis treating subjects as a random effect with a one-sample t test against a contrast value of zero at each voxel. Correlations of individual effects of control with factor scores were estimated with a multiple regression that included the factor scores as independent measures and the subject-specific estimate for each control contrast as the dependent measure at each voxel.
Voxel-based group effects were considered reliable to the extent that they consisted of at least five contiguous voxels that exceeded an uncorrected threshold of p < 0. To reveal common effects at the voxel level across independent conditions and data sets, we performed conjunction analyses. Unless otherwise noted, conjunction analyses were assessed as significant at a conjoint α level of p < 0.001. That is, a significant conjunction does not indicate that both contrasts were individually significant at standard thresholds (Nichols et al., 2005) but rather means that both were significant at more lenient thresholds (with a joint probability of a Type I being less than 0.001).
The group-level voxel-based contrasts were supplemented with region-of-interest (ROI) analyses. All significant voxels within a 6-mm radius of a chosen maximum defined an ROI and unless otherwise noted, were defined from the conjunction of all control conditions > fixation for the first and second epochs of experiment two ( Figure 4A ). Selective averaging with respect to peristimulus time allowed assessment of the signal change associated with each condition. Integrated percent signal change (iPSC) was then computed based on the peak plus and minus one TR. The peak was defined neutrally for each ROI based on the average time course across all conditions. The resultant data were subjected to repeated-measures analyses of variance (ANOVA). 
Supplemental Data
